We construct grand unified models on an orbifold based on unphysical grand unification. The reduction to the standard model or its supersymmetric one is carried out using a variant of Parisi-Sourlas mechanism and nontrivial Z2 parity assignment. §1. Introduction
§1. Introduction
Recently, a grand unification scenario in unphysical world has been proposed. 1) The basic idea is as follows. Fields form multiplets under a unified gauge group and the gauge coupling unification originates from the gauge symmetry at a high-energy scale, as ordinary grand unified theories (GUTs). 2), 3) Some members in multiples, however, are unphysical degrees of freedom, which are eliminated by a large local symmetry, under specific field configurations. Then no full unified symmetry is realized in the physical world. If physical fields are the multiples of the standard model (SM) gauge group and survive in the low-energy scale, we can understand why the SM particles (and their superpartners) play an essential role in our world and the stability of proton. * * ) We refer to our scenario as topological grand unification or unphysical grand unification.
In our scenario, the question at hand is how to formulate a grand unified theory including unphysical modes. We assume that a Lagrangian density L U , which possesses a large local symmetry and a unified gauge symmetry, is dynamically and temporarily derived from a more fundamental theory. Our goal is that we arrive at the SM or a supersymmetric SM (SSM) after the reduction of unphysical modes. Specifically, after eliminating extra degrees of freedom including extra coordinates, we would like to obtain the action integral of the SM or SSM
where X represents an extented space-time coordinate and L SM (L SSM ) is the SM (an SSM) Lagrangian density. If this program comes off, proton stability and tripletdoublet Higgs mass splitting * * * ) can be realized to be compatible with grand unification. The unification scale M U is regarded as an energy scale on which the unified theory described using L U is derived dynamically or the reduction to the SM (or SSM) occurs. Hence, the grand unification temporarily appears in our framework.
In this paper, we construct grand unified models on an orbifold based on topological grand unification. The reduction to the SM or SSM is carried out using a variant of Parisi-Sourlas mechanism 13) and nontrivial Z 2 parity assignment. This paper is organized as follows. In the next section, we construct simple models to realize our scenario. Section 3 is devoted to conclusions and discussion. §2. Unphysical grand unification on an orbifold
We discuss models based on the SU (5) or SU (6) gauge group on a space-time including extra commuting and anticommuting dimensions. Models possess a large local symmetry that eliminates unphysical degrees of freedom, and the unified symmetry becomes artificial and unphysical. If fields have suitable Z 2 parities and take specific field configurations on an orbifold, the SM or SSM is expected to appear through the dimensional reduction.
Extended space-time
Space-time is assumed to be factorized into a product of four-dimensional (4D) Minkowski space-time M 4 and the extra space Ω including commuting and anticommuting dimensions, whose coordinates are denoted by x µ (µ = 0, 1, 2, 3) and (y j , θ j ,θ j ) (j = 1, 2), respectively. Notations X M = (x µ , y j , θ j ,θ j ) and x m = (x µ , y j ) are also used. The bosonic space is the orbifold O 2 = R/Z 2 × R/Z 2 and it is constructed by dividing 2D space R × R with two types of Z 2 transformations that act on each R according to y 1 → −y 1 and y 2 → −y 2 , respectively. θ j andθ j are four independent Grassmann numbers satisfying
θ 1 and θ 2 are assumed to be transformed to θ 1 → −θ 1 and θ 2 → −θ 2 in concert with y 1 → −y 1 and y 2 → −y 2 , respectively. * ) The field Φ(x, y, θ,θ) on M 4 × Ω is, in general, expanded as
In our model, we treat operators with the following specific form:
where w j = y j +θ j θ j . In Appendix A, we propose an unconventional idea for the origin of extended space-time and the configuration (2 . 3). According to the idea, w j 's * ) Note thatθ j 's are not transformed. θ j 's andθ j 's are not spinors.
describe an extra emergent space-time and there appears the accidental symmetry that leaves w j unchanged such that
where ξ j 's are arbitrary Grassmann numbers. We find that the integral of ψ(x, w) over M 4 × Ω turns out to be the 4D integral over M 4 as
where d 4 θ ≡ dθ 1 dθ 1 dθ 2 dθ 2 and we assume that ψ(x, y) vanishes at infinity (y 1 → ∞ and/or y 2 → ∞). This type of dimensional reduction mechanism is regarded as a variant of the Parisi-Sourlas mechanism. 13)
Emergent SM
Now let us construct a model with the (unphysical) SU (5) gauge symmetry almost everywhere on the space-time M 4 × Ω and derive the SM through the dimensional reduction. Our main players are the SU (5) gauge field A M = A α M T α , a Higgs field h and matter fields (ψ 1 , ψ5, ψ 10 ) whose representations are 24, 5 and (1,5, 10), respectively. Here, T α are SU (5) gauge generators classified into two sets (the SM gauge generators T a and the other gauge generators Tâ):
Here, the boldface numbers represent gauge quantum numbers under the SM gauge group
on Ω are defined using the Z 2 transformation properties:
where P 1 and P 2 are 5 × 5 matrices and P 2 1 = P 2 2 = I 5×5 (I 5×5 is a 5 × 5 unit matrix) by definition. The η h and η ′ h are intrinsic parities of h. The transformation laws (2 . 7) and (2 . 8) are consistent with the gauge covariance of the derivative
Let us assume that the gauge bosons and the Higgs boson are present in the bulk whose field configurations are dynamically fixed (up to a freedom of residual gauge symmetry) as A M (x, w) and h(x, w) with the following conditions:
on the scale M U by a more fundamental theory. Here, F M N is the field strength of A M . Furthermore, we assume that matter fermions are localized at the origin on Ω as 4D left-handed chiral ones (ψ 1 (x), ψ5(x), ψ 10 (x)). The gauge-transformed configurations are equivalent to the original ones with a restricted gauge transformation function, U (x, w) = exp(iξ α (x, w)T α ). The gauge transformations for gauge bosons and Higgs boson are given by
The gauge transformations for matter fields are given with U (x, 0). The Z 2 transformation properties become
The gauge invariant action integral on M 4 × Ω is given by
where V (h(x, w)) is a Higgs potential, f U and f D are Yukawa coupling matrices and h.c. denotes the hermitian conjugate of the former terms. Here and hereafter, we omit the gauge singlet neutrinos for simplicity.
After the dimensional reduction, we derive the 4D action integral
where we assume that L B (x, y) vanishes at infinity (y 1 → ∞ and/or y 2 → ∞).
As shown by (2 . 14), the field configurations around the origin on Ω determine the theory on M 4 . Specifically, if only SM gauge bosons A a µ and weak Higgs boson h W (in addition to SM fermions) survive at the origin on Ω, i.e., and extra particles and operators relating extra dimensions vanish there, i.e.,
the action integral S 4D turns out to be the SM one without the QCD θ term. The absence of the strong CP -violating term is due to the fact that there is no term in the action integral (2 . 13) to generate it. * ) Hence, the strong CP problem can be solved if the value of argdet(M u M d ) is sufficiently suppressed where M u and M d are mass matrices of the up-and down-type quarks, respectively. The disappearance of extra fields (Aâ µ (x, w), h C (x, w)) and operators (F 5µ (x, w), F 6µ (x, w), F a 56 (x, w), D 5 h(x, w), D 6 h(x, w)) at the origin on Ω is realized using the Z 2 parity assignment P 1 = P 2 = diag(−1, −1, −1, 1, 1). * * ) This originates from the fact that fields and operators with odd Z 2 parity vanish at the origin on Ω. The Z 2 parities are given with the intrinsic ones η h = η ′ h = 1 in Table I . The gauge invariance is reduced to the SM one at the origin on Ω and the splitting between doublet Higgs boson and triplet one is realized, as heterotic string models 8) and grand unified theories on an orbifold. 11) This is because the parity assignment does not respect SU (5) gauge symmetry, as we see from the relations for the gauge generators,
This reasoning is the same as that in Ref. 14). In Ref. 14), the emergence of SM (or its dual theory) from higher dimensional theory has been discussed in the framework of 2T-physics. Their idea is similar to ours, but the starting point and guiding principle are different from ours. 
The gauge transformation function compatible with the Z 2 parity assignment is constrained such that
Note that SU (5) gauge symmetry exists where ξ a (x, w) = 0 and ξâ(x, w) = 0. The Fâ 56 (x, w) can survive at the origin of Ω, but it would be harmless because A 5 and A 6 neither locally couple to SM particles nor have dynamical degrees of freedom.
Emergent supersymmetric SM
The SM has been established as an effective theory on a weak scale, but it suffers from several problems. Typical ones are the naturalness problem and the dark matter problem. These problems are solved with the introduction of spacetime supersymmetry. As a bonus, the gauge coupling unification occurs on the basis of the minimal supersymmetric SM (MSSM) with a big desert hypothesis between the TeV scale and the grand unification scale. 15) Let us discuss the space-time supersymmetric extension of our model. Our main players are the N = 2 supersymmetric vector multiplet on M 4 × Ω, i.e., the SU (6) vector multiplet V = (A µ , λ 1 ) and three chiral multiplets Σ 5 = (σ 1 + iA 5 , λ 2 ), Σ 6 = (σ 2 + iA 6 , λ 3 ), Σ = (σ + iρ, λ 4 ) in terms of N = 1 supersymmetry in 4D, and SU (5) matter chiral superfields Ψ n = (ψ n , ψ n ) (n = 1,5, 10) located at the origin on Ω. Here, λ s (s = 1 ∼ 4) are gauginos andψ n s are sfermions (superpartners of matter fields).
We assume that the following action appears at M U ,
where L B (x, w) is the SU (6) gauge invariant Lagrangian density of N = 2 supersymmetric vector multiplet. * ) Here, L b (x, w) is the Lagrangian density given by (2 . 20) where h(x, w) and h * (x, w) are Higgs bosons, which originate from Σ, whose representations are 5 and5 under SU (5). L b (x, w) possesses only SU (5) gauge invariance because bulk fields are SU (6) multiplets and matter fields form SO(10) multiplets. Here, we require that the symmetry of L b (x, w) is determined by the intersection of the gauge group in the bulk and the largest group, which localized fields form the full multiplet. This leads to the gauge coupling unification and the mass unification among members in each multiplet. * ) Note that matter fields do not locally couple to any members in Σ 5 and Σ 6 from the higher-dimensional gauge invariance. The MSSM fields are
vanishes at infinity on Ω and only the MSSM particles survive at the origin on Ω, the MSSM action without the µ term can be derived after the dimensional reduction. The µ term is forbidden by the R symmetry. The µ term with a suitable magnitude could be generated upon the breakdown of space-time SUSY, e.g., through Guidice-Masiero mechanism. 18) Now the problem is whether the disappearance of extra particles at the origin on Ω can be realized using a suitable Z 2 parity assignment? If we take P 1 = diag(1, 1, 1, 1, 1, −1) and P 2 = diag(−1, −1, −1, 1, 1, −1), Z 2 parities of fields are given in Table II . We find that (σ b 1 + iA b 5 , λ b 2 ) and (σâ 2 + iAâ 6 , λâ 3 ), in addition to the 
MSSM gauge multiplets (A a µ , λ a 1 ) and Higgs multiplets (σb + iρb, λb 4 ), have even Z 2 parities and could survive at the origin on Ω. The proton stability, however, is still gauranteed because they do not couple to matter fields from the higher-dimensional gauge invariance. The realization of gauge coupling unification is a challenging problem in this setup. §3.
Conclusions and discussion
We have constructed unified models with the SU (5) or SU (6) gauge group on the orbifold R/Z 2 × R/Z 2 based on unphysical grand unification. Dangerous colored particles are eliminated and the reduction to the SM or an SSM can be carried out using a variant of Parisi-Sourlas mechanism, under nontrivial Z 2 parity assignment and additional field configurations. The root of all evils must go back to Pandora's box by itself. There are open questions for our models. Is it possible to select Z 2 parities and arrange field configurations to realize the SM or SSM? If possible, how are they fixed and are they stable against radiative corrections? Is it possible to derive our grand unified theories from a more fundamental theory such as superstring theory?
Since extra particles are unphysical in topological grand unification, it can be checked using the SSM particles features and their effects. Concretely, there are no threshold corrections to modify the running of parameters due to renormalization group effects if no physical particles with SM gauge quantum numbers appear around the unification M U . Then unification of parameters such as gauge couplings or some particle masses can occur at M U if there are no sizable localized terms that violate a unified symmetry. Hence, gaugino masses and sfermion masses can be useful probes of our scenario by checking whether those masses agree at M U among members in each multiplet of unified gauge group. 19) We have proposed an unconventional idea that the extended space-time and the configuration (2 . 3) emerge after the breakdown of symmetry (A . 1) following a topology change. The crucial assumption is that the topology change occurs with the formation of bound states made of ghost variables, and ghost variables survive as fluctuations of bound states. It is intriguing to study the dynamics related to the topology change. In our scenario, M U is considered to be the scale where the topology change occurs. Models have been constructed on the flat space-time without considering the gravity, assuming that M U is different from the Planck scale M P . Gravitational effects, however, must be considered if M U is near M P . Study on elementary particle physics using a topological symmetry * ) would be attractive and it is worth exploring a high-energy theory on the basis of our insight. where x 0 is used in place of x 4 andθ 1 θ 1 andθ 2 θ 2 are fluctuations of y 1 and y 2 , respectively. In this manner, the extended space-time M 4 × Ω originates macroscopically and fields are introduced as functions of x µ (µ = 0, 1, 2, 3) and w j (j = 1, 2).
